is not possible with conventional fMRI paradigms that been used across studies to test responses in different rely on the subtraction of activation between different visual areas (i.e., edges or contours for early visual areas stimulus types since they average across neural populaversus complex objects for higher visual areas), and tions that may respond homogeneously across stimulus (2) the electrophysiological techniques used in these changes or may be differentially tuned to different stimustudies recorded from single rather than multiple visual lus attributes. For example, it is possible that collinear areas simultaneously. As a result, the question of how and random patterns are encoded by different neural the unified perception of a global shape or a "good populations but at a finer spatial resolution than the Gestalt" (Kofka, 1935) emerges from the output of local measured voxels. In this case, higher sensitivity to collinfeature detectors remains open. The aim of this study ear than random patterns is most likely to be detectable by adaptation measures rather than subtraction methods.
dom-to-collinear pattern condition was the same. Thus, stronger rebound effects for conditions with collinear than random patterns would indicate visual areas responsive to global visual configurations.
Localization of ROIs
For each individual subject, we localized the visual areas (ROIs: V1, V2/V3, V4) based on both functional and anatomical criteria (Gattass et al., 1981 (Gattass et al., , 1988 ; Desimone and Ungerleider, 1986; Brewer et al., 2002). Specifically, area V1 was estimated to cover most of the operculum extending laterally up to about 1 mm posterior to the Lunate sulcus and medially within the calcarine sulcus, area V2/V3 was within the lunate and inferior occipital ventrally in the anterior bank of inferior occipital sulcus. The voxels within these anatomically selected areas that responded significantly more strongly (p Ͻ 0.0032, corthe adapting stimulus that was followed by one of three rected) to a full field rotating polar stimulus than to blank test stimuli: (1) a random pattern identical to the adaptbackground stimulation were identified as the regions ing stimulus, (2) a different random pattern different from of interest (ROI) for the analysis of the responses in the the adapting stimulus generated by changing randomly adaptation experiment (Figure 2 ). These ROIs correthe orientation of some of the elements, and (3) a collinspond most largely to the ones revealed by retinotopic ear pattern in which changes in the orientation of the mapping in recent monkey fMRI studies (Brewer et al., local elements resulted in a collinear contour.
Decreased 2002). responses when the test stimulus was identical to the
Here we report responses during the adaptation exadapting stimulus would indicate the basic adaptation periment for areas V1 and V2/V3 where the activation effect. Rebound of activity for a random pattern different was more robust. The weaker activation observed in from the adapting stimulus would suggest regions inarea V4 was possibly due to the properties of the stimuvolved in the processing of local orientation. More interlus used for the adaptation experiment (statically flashed estingly, stronger rebound effects for collinear than for stimulus) that may not activate strongly these areas in random patterns would indicate regions involved selecthe anesthetized monkey. tively in the processing of global contours rather than Adaptation and Rebound Effects local orientation. Our monkey and human fMRI studies For each subject, we computed the time course of the showed selective responses to collinear rather than rannormalized fMRI response from the initial 30 s backdom patterns in both early and higher visual areas. Interground stimulation period by averaging the data from all estingly, these selective responses to collinear contours the voxels within each one of the independently defined differed across the early visual areas based on their ROIs for each condition. Details on the analysis of the receptive field (RF) size. These findings suggest that data are reported in previous studies (Tolias et al., 2001 ). multiple visual areas are involved in the integration of Briefly, we calculated the initial and the rebound relocal elements to global shapes at different spatial sponses of the time course. The initial response was scales.
defined as the peak response (10 s) of the filtered activity (digital eighth order [48 dB/oct] low pass Butterworth Results filter with cutoff frequency of 0.125 Hz) after the onset of the adapting stimulus. The rebound response was Monkey fMRI Studies defined as the peak response of the filtered activity after The stimuli used were either randomly oriented line segthe onset of the test stimulus. We also calculated an ments appearing as formless texture or patterns (e.g., adaptation response as the mean response before the cube) generated by approximately collinear stimulus line onset of the test stimulus. segments embedded in a field of randomly oriented As shown in Figures 3A and 3B , responses in V1 ones (Figure 1 ).
showed the basic adaptation effect; that is, strong reWe studied the effect of adaptation by using prosponses to the onset of the adapting stimulus decreased longed presentation times (150 s) for the adapting stimuwith prolonged presentation of the stimulus. A rebound lus that was subsequently followed by a brief blank of activity was observed for orientation changes in the period and a test stimulus. We compared responses to test stimulus. That is, when the test stimulus was differthe following conditions: (1) identical random pattern, ent from the adapting stimulus, increased fMRI rewhere the test stimulus was identical to the adapting sponses were observed, compared to the low fMRI restimulus, (2) different random pattern, where the test sponses when the test stimulus was identical to the stimulus was a different random pattern from the adaptadapting stimulus. More importantly, we observed a ing stimulus, and (3) random-to-collinear pattern, where stronger rebound effect for collinear than for random the adapting stimulus was a random pattern while the patterns, suggesting selective responses to global shapes. test stimulus was a collinear pattern. The average rotaIn particular, a repeated measures ANOVA with condition change of the line segments used for the stimulus tion (identical random pattern, different random pattern, and random-to-collinear pattern) and time (initial, adapgeneration in the different random pattern and the ran- Three consecutive slices (posterior to anterior) from one subject showing the visual areas (V1, V2/V3) that were selected as regions of interest for the analysis of the adaptation experiment. These regions responded significantly more strongly to polar rotating rings than to blank stimulation periods. Significance charts indicate the results of t tests. The arrows point to the activated visual areas, the borders of which were identified based on anatomical criteria (Desimone and Ungerleider, 1986; Gattass et al., 1981 Gattass et al., , 1988 Supporting evidence for the possible role of RF size in this integration process comes from a control experiment that followed similar design as the adaptation experiment but used stimuli half the size of the original ones. The results showed responses selective to collinear patterns not only in peripheral but also in central V1 when the size of the elements was reduced. As shown in Figure 4B V4v [F(1,22) Ͻ 1, p ϭ 0.37], or LO [F(1,22) ϭ 1.64,  p ϭ 0.20] . The magnitude of selectivity for collinear patboth the monkey and the human brain. To this end, we used the same fMRI technique in an attempt to bridge higher difficulty or attentional demands of the task performed in the first compared to the later condition. the gap between previous monkey electrophysiological and human fMRI findings on the neural processing of Finally, to further control for the methodological differences between studies, we conducted an additional hushapes.
However, it is important to note the differences beman fMRI experiment on three subjects using similar stimuli (line segment patterns) and paradigm (prolonged tween the monkey and the human fMRI experiments in our study. First, the monkey subjects were anesthetized, adaptation) to the ones used for the monkey experiments. The subjects performed a dimming task; that is, whereas the human subjects were awake. As a result, differential attention or eye movements across condithey were instructed to indicate luminance changes on the fixation point. The high performance of the subjects tions could modulate the fMRI responses in the human compared to the monkey studies. Second, the stimuli in this task across all conditions ensured that they were fixating and that they were equally attentive across conused in the monkey experiments consisted of line segments while the stimuli in the human experiments conditions. The results in the early and higher visual areas showed similar adaptation and stronger rebound effects sisted of Gabors. The advantage of Gabor elements compared to line segments is that due to their Gaussian for collinear than for random patterns as in our previous monkey and human fMRI experiments. These findings properties they are thought to stimulate neurons tuned to their orientation but not to orthogonal edges. Finally, suggest that the collinearity effect that was observed across all experiments could not be due to differences a prolonged fMRI adaptation design was used for the monkey studies while a rapid fMRI adaptation design in the subject's attention or the experimental paradigms. Thus, these findings provide evidence for common was used in the human studies. ). well across all conditions. Thus, the stronger rebound This recurrent processing of visual information via loof activity for collinear than random patterns observed cal connections and feedback interactions could acin our human experiments is unlikely to be due to differcount for our findings. Specifically, the perception of ences in the eye movements across conditions. collinear contours requires both integration of the simiFurthermore, analysis of the subjects' behavioral data larly oriented target elements and segmentation from indicates that our fMRI findings could not be due to their cluttered background. The increased selectivity for differential attention of the subjects across conditions. collinear patterns in peripheral compared to central V1 In particular, the subjects' performance indicates that suggests a local process of linking similarly oriented the different random pattern condition (32% correct reelements together. However, the decreased selectivity sponses, 655 ms reaction time from onset of second in peripheral compared to central V2 suggests supstimulus in a trial) was more difficult than the identical pressive processes from distractor elements in the random pattern (80% correct, 517 ms) and the randombackground. That is, responses to collinear patterns in to-collinear pattern (72% correct, 593 ms) conditions. For the adaptation experiment, we used three stimulus conditions:
V1 neurons with small RFs may reflect integration of a
areas as the main locus of shape processing (e.g., Gross
(1) identical random pattern, where the adapting and the test stimuFor the adaptation scans, we used similar stimuli (random, collinear patterns) to those used for the monkey fMRI adaptation studies lus consisted of the same random pattern, (2) different random pattern, where the test stimulus was a different random pattern but they were rendered with Gabor elements as in previous studies (Kovacs and Julesz, 1993, 1994) . The random patterns consisted of from the adapting stimulus, and (3) 
